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1 PARALLEL REDUNDANT POWER SYSTEM AND METHOD FOR 

2 CONTROL OF THE POWER SYSTEM 

3 BACKGROUND OF THE INVENTION 

4 1 . Field of the Invention 

5 The present invention is related to a method for controlling a parallel 

6 redundant power system composed of UPS modules coupled in parallel, and 

7 more particularly to a method that utilizes the internal impedance of the UPS 

8 modules in accompaniment with a current shift method to simulate a virtual 

9 inductor so that the drawbacks caused from the actual inductor are eliminated. 

10 2. Description of Related Arts 

1 1 With the almost total-dependence of modem societies on electricity for 

12 employment, living, communication and entertainment, any disruption to an 

1 3 electricity supply brings about a temporary halt to civilization as we know it. 

14 Especially in the present age where a breathtaking variety of electronic products 

1 5 are widely used, serious economic loss may possibly occur if a company loses 

16 critical data when the electricity supply is suddenly interrupted. 

17 To solv e the above problem, the uninterruptible power supply (UPS) is 

1 8 developed. However, because of the quick evolvement of the load specifications, 

1 9 a single UPS device may be unable to satisfy the electricity requirement, 

20 especially when the amount of the loads is increased. Therefore, it is a natural 

21 trend to design the UPSs as modules to perform a parallel redundant power 

22 supply system. 

23 The control techniques for the parallel redundant power supply system 

24 are mainly categorized into two types, the wired-connected mode and 
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1 connectionless mode. For example, U.S. Patent 5,257,180 "Controlling system 

2 for parallel operation of AC output inverters with restrained crossed current" 

3 adopts the wire- connected mode. In another aspect, the connectionless mode is 

4 applied in U.S. Patent 5,745,356 "Independent load sharing of AC power 

5 systems connected in parallel", U.S. Patent 6,1 18,680 "Methods and apparatus 

6 for load sharing between parallel inverters in an AC power supply" and U.S. 

7 Patent 6,356,471 "Dynamic feedback adaptive control system and method for 

8 paralleling electric power source and an uninterruptible power supply including 

9 the same". 

10 At present, many kinds of loads need the steady electricity supply for 

1 1 operating normally whereby strict control of the power quality in the parallel 

12 configuration is essential. One example of the connectionless mode being 

13 superior to the wire-connected mode is that the connectionless mode does not 

14 have the problem of system-level failure of single point failure, whereby the 

15 entire UPS system can achieve the highest reliability. In U.S. Patent 5,745,356, 

16 only the DC energy is calculated and only the differentiation of the active power 

17 is concerned; however the reactive power is difficult to control. The 

18 differentiation manner in the prior art has some further drawbacks, such as the 

19 low anti-interference ability and being unable to process harmonic waves. In 

20 Patent 6, 1 1 8,680, the phase locking is determined by whether the voltage area is 

21 zero. Not only should the calculation accuracy be considered, but also whether 

22 the output voltage contains the harmonic wave must be considered. Further, with 

23 regard to the active power and the reactive power, Patent 6,1 1 8,680 can not 

24 provide an efficient control manner. In Patent 6,356,471, an inductor must be 
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1 additionally coupled to the output of the power system in parallel. 

2 The basic concept of the parallel connectionless operation is from the 

3 parallel connection of the power generators in the power system. However, there 

4 are still some different physical characteristics between the UPS and the power 

5 generator. The internal impedance of the generators represents as a large 

6 reactance, whereas on the contrary, the UPS has a small internal resistance. 

7 With reference to Fig. 1, by simulating the power generator models to 

8 perform the parallel configuration of the UPS modules, the output terminal of 

9 each UPS module is coupled with a large inductor ( Z, , Z 2 ) in series. 

1 0 The UPS module is simulated by an ideal voltage source V^. = ^ ZS i and 

1 1 an equivalent impedance Z oi , wherein the impedance represents the resistance 

12 character. Further, Z si = jX 5i represents the output inductance of the "i th " UPS 

13 module (i is an ordinal), and Z s f is much larger than Z 0 i £Z si » Z oi ) . If the 

14 internal impedance Z Q i of the UPS module is ignored, the output power of the 

15 UPS module is calculated by the following equation: 

16 P,= 



sin£,. (1) 



COS<5; 



V. 
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17 Q oi = = (2) 

18 According to the equation (1), the active power P Q i is directly 

19 proportional to the phase angle S. that is defined between the V~ and V Q . The 

20 reactive power is approximately directly proportional to the V Q to represent the 

21 output voltage amplitude. 

22 Figs. 2A and 2B show a first line indicating the relationship between the 
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1 active power and frequency and a second line indicating the relationship between 

2 the reactive power and voltage. 

3 a) = co 0 -k^P (3) 

4 V = V 0 -k y *Q (4) 

5 where a> 0 can be set to 50Hz or 60Hz, and V 0 can be set to 120 Vac or 

6 230 Vac depended on the power output requirement. 

7 Based on the equations (1) to (4), the parallel connectionless 

8 configuration is able to be established by the droop method. 

9 With reference to Fig. 3, the relationship between the output voltage of 

10 each UPS module and the total output voltage of all UPS modules is shown by 

1 1 two vectors. 

12 In Fig. 3, vector V oi means the equivalent output voltage of the inverter 

13 of the UPS module (i is an ordinal), and V D represents the output voltage that 

14 is composed by all parallel connected UPS modules. In the condition that V Q 

1 5 remains at a constant, when the frequency of V oi is increasing, the phase angle 

16 8 . will accordingly increase. Further, the reactive power output from the i*h 

17 UPS module also gets larger based on equation (1). According to equation (3) 

18 and te relationship of P-cq , the increase of the active power will cause the 

19 decrease in the frequency of V oi , thus the phase angle 8 . will be accordingly 

20 decreased. If the frequency of V oi is decreased, the same result still will occur. 

21 Finally, the V oi and V Q will finally have the same frequency and the phase angle 

22 8 . between the V oi and V Q is keep at a constant. 

23 With reference to Fig. 2B, the relationship between the reactive power 

24 and the voltage amplitude is shown. In the event of V Q remains at a constant, 
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when the output voltage of V oi is increasing, the reactive power output from the 
UPS i* UPS module will accordingly increase based on equation (2). Further 
referring to the Q-V relationship in equation (4), the output voltage amplitude 
will then decrease. The balance relationship between ^~and V a will ensure that 
both the amplitude of V oi and V a can remain at a static status. 

From the foregoing description, the droop method can be applied to 
accomplish the parallel connectionless operation on the premise that the output 
of each UPS module is coupled with a large inductor. Since the inductor is 
composed of windings, the entire size and weight of the UPS system will become 
extremely large and heavy if the inductor is coupled to the output of the UPS 
module. Moreover, when the load is coupled to the UPS system, the impedance 
of the inductor will interfere with the output voltage adjustment accuracy of the 
UPS system. Thus, one way to solve the problem is to remove the inductor from 
the UPS system. However, some necessary requirements such as the function of 
the parallel connectionless operation, the volume and weight of the UPS module, 
and the output adjustment accuracy etc. will be hard to be satisfied. 
SUMMARY OF THF INDENTION 

The main objective of the present invention is to provide a control 
method for a parallel power system to solve the problems caused from an actual 
inductor, such as its large size and heavy weight. The present invention is able to 
efficiently control both active power and reactive power. Moreover, because the 
present invention does not employ differentiation or integration to perform phase 
locking, the problem of harmonic wave is avoided. Further, even when the 
present invention is not coupled with an actual inductor to the output of the UPS, 



1 the droop method is still able to be achieved. 

2 To accomplish the main objective, the method of the present invention 

3 comprises: 

4 sensing an output current of a UPS module; 

5 shifting a phase of the output current of the UPS module with an angle; 

6 calculating an active power and a reactive power based on the shifted 

7 output current; 

8 adjusting the frequency of the output voltage of the UPS module based 

9 on the P - co slope line; and 

10 adjusting the amplitude of the output voltage of the UPS module based 

11 on the Q-V slope line. 

12 A second objective of the present invention is to provide a parallel 

1 3 redundant power system being able to be operated without the actual control 

14 wires connected among UPS modules. 

15 The connection means of the preferred embodiment of this invention is 

16 described as foll owing as an example. The system is composed of multiple UPS 

17 modules connected in parallel, wherein each output of each UPS module is 

1 8 collectively connected to a power output distributor (POD) to form the parallel 

19 connection and then provide power to a load 5 wherein each UPS module further 

20 includes: 

21 an inverter having an output terminal; 

22 a PWM driving circuit to drive the inverter; 

23 an inductor current detector coupled to the output terminal of the 

24 inverter: 
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1 an output voltage detector coupled to the output terminal of the inverter; 

2 a load current detector coupled to the output terminal of the inverter; and 

3 a control unit coupled to the PWM driving circuit, the inductor current 

4 detector, output voltage detector and the load current detector. 

5 The control unit performs a current-shifting manner to make all UPS 

6 modules be connected in parallel. 

7 The control unit is able to be accomplished by a digital signal processor 

8 (DSP) together with a software in the DSP. 

9 BRIEF DESCRIPTION OF THE DRAWINGS 

10 Fig. 1 is a block diagram showing two UPS modules coupled in parallel; 

1 1 Fig. 2A shows a slope line representing the relationship between the 

12 frequency and the active power; 

13 Fig. 2B shows a slope line representing the relationship between the 

14 voltage and the reactive power; 

15 Fig. 3 shows two vectors that respectively represent an output voltage of 

16 at least one UPS module and a combined output voltage of a parallel redundant 

17 power system; 

18 Fig. 4 is a block diagram of a parallel redundant power system composed 

19 of multiple UPS modules in accordance with the present invention; 

20 Figs. 5A-5B are block diagrams showing a UPS module shown in Fig. 1 

21 in detail; 

22 Fig. 6 is a block diagram showing the parallel redundant power system 

23 being operated by a wired-connected mode; 

24 Figs. 7A-7B are a block diagrams showing a UPS module shown in Fig. 



7 



1 6 in detail; 

2 Fig. 8 is a block diagram showing two UPS modules coupled in parallel 

3 without any actual inductors; and 

4 Fig. 9 is a functional block diagram of a current shift method. 

5 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

6 With reference to Fig. 4, a parallel redundant UPS system is composed of 



7 multiple UPS modules ( 1 0)( 1 0 1 - 1 ON) connected in parallel. If the output power 

8 of each UPS module ( 1 0)( 1 0 1 - 1 ON) is high, all UPS modules ( 1 0)( 1 0 1 - 1 ON) are 

9 coupled in parallel and through a power output distributor (POD)(20) to provide 

10 the combined power to a load. Otherwise, if the output power of each UPS 

1 1 module ( 1 0)( 1 0 1 - 1 ON) is low, all the UPS modules ( 1 0)( 1 0 1 - 1 ON) can coupled 

1 2 together via wires and then collectively provide the power to the load without the 

13 use of the POD (20). It should be noted that the present invention does not only 

14 apply to the parallel connected UPS modules, but also can control parallel 

15 connected AC inverters. 

16 For each UPS module ( 1 0)( 1 0 1 - 1 ON) in Fig. 4, the input voltage and the 

17 output voltage both are single phase (R-phase) in this embodiment. It should be 

18 noted that the present invention is able to be applied on a power system with 

19 more than one phase AC input and output voltage. For example , two additional 

20 phases (S-phase and T-phase) are added to the power system, wherein the 

21 inverter of each UPS module (10)(101-10N) need not be modified, and the 

22 phase-locking circuit and by-pass circuit both are still operated based on the R- 

23 phase. 

24 With reference to Figs. 5A-5B, as an example, only one UPS module (10) 
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1 in Fig. 1 is illustrated in detail by functional block diagrams. The UPS module 

2 (10) comprises an inverter (1 1), a PWM driver (12) to drive the inverter (1 1), an 

3 inductor current detector (13) coupled to the output of the inverter ( 1 1 ), an output 

4 voltage detector (14), a load current detector (15) and a control unit (30). The 

5 control unit (30) is performed by a digital signal processor (DSP) in 

6 accompaniment with the software. 

7 As the preferred embodiment shown in Figs. 5A-5B, there are no signal 

8 wires connected among the UPS modules ( 1 0)( 1 0 1 - 1 ON) except the power line 

9 (O/P). With such a configuration, all parallel UPS modules (10)(101-10N) are 

10 controlled through a connectionless mode. However, the connectionless mode 

1 1 can be modified to apply to a wired-connected parallel power system. With 

12 reference to Fig. 6, besides the above mentioned power line (O/P), several signal 

13 wires are applied to interconnect all UPS modules (10)(101-10N) in parallel. 

14 These signal wires include three types, a load sharing current wire (2 1), a 

15 synchronizing clock signal wire (22) and a communication wire (23). 

16 The load sharing current wire (21) is provided to exchange output 

1 7 current information among the parallel UPS modules ( 1 0)( 1 0 1 - 1 ON), wherein the 

18 voltage value measured over the load sharing wire (21) represents an average 

19 value of all output current values of the UPS modules (10)(101-10N). 

20 The synchronizing clock signal wire (22) controls the phase lock of all 

21 UPS modules (10)(101-10N) 5 whereby all output voltage of the UPS modules 

22 (10)(101-10N) have synchronal phases. 

23 The communication wire (23) is used to control information exchange 

24 among the parallel UPS modules (10)(101-10N) whereby the operating status of 
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1 each individual UPS module (10)(101-10N) can be monitored in real time. 

2 Since the foregoing different types of signal wires actually connect 

3 among these parallel UPS modules (10)(101-10N), the entire power system is 

4 controlled by a technique called "wired-connected mode". 

5 With reference to Figs. 7A-7B, when all UPS modules (10)(101-10N) 



6 are controlled under the wired-connected mode, each UPS module (10) still has 

7 the inverter (11), the PWM driver (12), the inductor current detector (13), the 

8 output voltage detector (14), the load current detector (15) and the control unit 

9 (30) as shown in Figs. 5A-5Bf. Furthermore, all load current detectors (15) are 

10 connected via share current circuits (16) and the load sharing wire (21), wherein 

1 1 the controlling of all parallel UPS modules (10- ION) are dependent upon the 

12 current information detected by the share current circuits (16). 



13 Since the wire-connected mode is not the objective of the present 

14 invention, the related detailed description is omitted hereinafter. 

15 In order to improve the reliability of the parallel power system and to 

16 obviate the problem of single point failure that might otherwise occur in a 

17 situation wherein the control signals communication fail, the present invention 

18 adopts a connectionless (wireless) mode. The connectionless mode utilizes the 

19 droop method and the simulated P-<d and Q-V slope lines, to accomplish the 

20 phase locking and current sharing. 

21 Based on the foregoing description related to the parallel connectionless 

22 operation in the background of the invention, a premise to accomplish the 

23 connectionless operation is that the output of the UPS module must be coupled 

24 with a large inductor in series. However, the coupled inductor would cause the 
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1 enlargement of the UPS module size and the increase of the weight. Therefore, 

2 the present invention utilizes the internal impedance of the UPS module in 

3 accompaniment with a technique called current phase shifting calculation, to 

4 simulate a virtual inductor being coupled with the UPS module. Moreover, the 

5 present invention further concerns the cross current in the UPS module, the 

6 reactive power and the active power of the cross current to perform the parallel 

7 connectionless operation. 

8 The above mentioned current phase shifting calculation is explained 

9 hereinafter. When comparing a first UPS module that couples with an inductor 

10 with a second UPS module that has no inductor coupled thereto, wherein the two 

1 1 UPS modules are further assumed to have the same output current values, a 

12 phenomenon is observed that the phases of the output currents of the two UPS 

13 modules are different. The phase of the first UPS module is lag that of the second 

14 UPS module. A difference between two phases is represented by an angle . 

15 Based on such a phenomenon, if the output current phase of a UPS 

16 module is shifted with an angle , the UPS module is deemed as having a virtual 

17 inductor coupled at the output thereof, whereby the equations (1) to (4) 

1 8 mentioned in the background of the invention are able to be employed to perform 

19 the parallel connectionless operation. 

20 However, if the reactive power and the active power are calculated based 

21 on the shifted output current, the calculated values are not the actual reactive 

22 power and the actual active power. Thus, the calculated values are virtual values 

23 so they are presented by VP (virtual active power) and VQ (virtual reactive 

24 power) hereinafter. 

n 



1 With reference to Fig. 8, two or more UPS modules are configured to 

2 form a parallel redundant power system, wherein there is no actual inductor 

3 coupled to the output of each UPS module. Each UPS module is represented by 

4 an ideal voltage source V oi and an internal impedance Z 0 i f wherein the total 

5 composed output voltage is represented by V 0 . 

6 Several symbols that are used hereinafter are firstly defined as follows. 

7 V Q = V Q ZO : A composed output voltage of the parallel power system, 

8 composed by output voltages of all UPS modules, wherein the phase of the 

9 composed output voltage V Q is deemed as a reference phase. 

10 S : A total output power of the parallel redundant power system. 

^ 0 : An output current of the parallel redundant power 



ii i L = 



12 system, wherein an angle 6 is defined when comparing the output current phase 

13 with the composed output voltage V Q . 

14 V oi : An output voltage of an i* UPS module, where i is an ordinal. 

15 I u : An output current of the i th UPS module. 

16 S i : A phase difference between the V oi and I Li of the UPS module, 

17 wherein the phase difference is represented by an angle. 

18 a i : A phase difference obtained by comparing a cross current vector of 

19 the i th UPS module with the composed output voltage V 0 . 

20 : A phase difference obtained by comparing an internal impedance 

21 Z oi of the i* UPS module with the composed output voltage V Q . 

22 S s {$) : A transient output power of the i th UPS module. 

23 If there are V UPS modules coupled in parallel and the quantities of the 
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loads are S, the total output current is expressed by equation 



I u + I L2 +A + I Ln = I L . When all UPS modules properly share the total 
current, the equation 



is tenable for each UPS module. The individual 

output current of the i m UPS module is expressed by 1 u = \l Lj |(cos 9 t + j sin#,.) . If 

the cross current is not large, the individual output current can be further 
rearranged as follows: 

(cos#,. + ./'sin#,.) = 



hi 



(cos&i + ysin^ )+ AI Li (cos a,. + j sin a f ) 



...(5) 



Therefore, the output power 5, (r) of the i m UPS module is calculated by 
equations: 

= V o\- \ T U |( C0S 9 I + J Sin e i ) 



— (cos<? ( . + ysin^J + jA/^^cosa, + ysina, ) 



(6) 



[cos#,. + ysin^J+j^JjA/^^cosa,. + ysinaj 



wherein the active power AfJ and the reactive power AQ i caused from 
the cross current are respectively expressed as follows: 



A/> = 



AI 



Li 



cos a.. 



VJAlJsma; 



16 Moreover, the generation of the cross current AI Li is deemed as a voltage 

17 difference, obtained by the output voltage V oi of the UPS module and the 

1 8 composed output voltage V Q , acts on the internal impedance Z oi . The cross 
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current AI U is represented by: 

AI U =|A/ if |(cosa,-+y'sina ( ) 

[cos£ ( + jsm5i\ 



V ■ -V 



01 o 



(9) 



z a |z of |(cos£ +ysin£) 

If the phase of the output current of the i tn UPS module is shifted with an 
angle , the cross current would be accordingly shifted with the same angle . 
Therefore, equation (9) could be rewritten as follows: 

AI U =|A/ £ ,|[cos(a,. - / 5)+y sin(a / -/?)] 







K 


cos(<f + /?) 






K 


sm(Z + /3)\ 









.(10). 



Based on equation (10), if the summation of angle and is designed to 
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approximate — , the active power and the reactive power calculated by the shifted 

cross current are respectively represented with equations (1 1)(12) and represent 
as a linear function. 

— K Ki 

A VP ; = V. AI U cos(ar, -/?) = sin <?,... (11) 



AVQ, = 



sm(a,-j3)=- 



cos S, - 



2 0i 



(12) 



From the above description, it can be understood that if a proper angle is 
chosen to complement the angle £. to meet the demand (/? + £•)= y , the 

foregoing equations (1 1) and (12) are obtained to simulate a actual inductor being 
coupled at the output of the UPS module. 

When the droop method is then applied to modify equations (11) and 
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2 



(12), the output frequency co* and the amplitude V* of the output voltage both 
are expressed by: 



cos(0,. - fi) + \AJ U cos(a,. - ft) 



n 



cosfo-/?) 



...(13) 



A/Jcos(a, : -j3) 



-k a * AVP, 



V ( (r) =V 0 -k v * VQ i (t) = co 0 -k v *\v o \\l u | sinfo - fi) 

-sin(<9. -/?) + A7^|sin(a,. - /?) 



- f — k * 



V — k * 



(14) 



>-k y * 



VJAI, 



sin(a,. -0) 



6 wherein the symbol co* represents the static output frequency while the 

7 UPS module is coupled with a load, and V* means the static output voltage while 

8 the UPS module is coupled with a load. 

9 As shown in equation (13), if AVP { is greater than zero, it means the UPS 

10 module provides much more power than its expected power. Therefore, the 

1 1 frequency is adjusted to be lower and much closer to co* . Otherwise, if AVP i is 

1 2 smaller than zero, it means the UPS module provides less power than its expected 

13 power. Therefore, the frequency is adjusted to be higher and much closer to co- . 

14 Such an adjustment can also be applied to the AVQ, and V* as shown in equation 
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1 (13). 

2 With reference to Figs. 5A-5B again, the implementation of the 

3 foregoing method is performed by the parallel redundant configuration. The 

4 control unit (30) is a digital signal processor (DSP) 5 and programs are designed in 

5 the DSP to execute a current shift method. 

6 With reference to Figs. 8 and 9, after the load current detector (15) senses 

7 the output current (I Li ) of the UPS module, the sensed current is provided to the 

8 DSP (30). The DSP (30) shifts the phase of the sensed current (I Ll ) with an angle 

9 P to derive a shifted current (J Li '). The shifted current (I Li ') is then multiplied by 

10 two values ( V a * co$<f> and V Q * sin <j> ) , both of which are decomposed from the 

1 1 output voltage Vo, to derive the reactive power VQi and the active power VPi. 

12 The reactive power VQi is then modified according to the P -co relationship to 

13 adjust the output frequency, and the reactive power VPi is modified by 

14 Q - V relationship to adjust the output voltage. 

15 In accordance with Figs. 5A-5B, the present invention not only applies to 

16 a parallel redundant power system constructed by multiple UPS modules, but 

17 also allows a new UPS module to join in an established parallel redundant power 

1 8 system. Allowing the new UPS module to join in an already existing power 

19 system is deemed as that the AC voltage output of the UPS module is able to be 

20 coupled with the mains in parallel, thus the parallel operation of the UPS module 

21 and the mains are workable. Moreover, through the modification of P - co , the 

22 rate of load sharing among the UPS modules and mains is able to be properly 

23 distributed. Generally, when the output of the parallel redundant power system is 

24 coupled with the mains to supply power to the load, the mains will output higher 
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1 power than the power system because of the reliability consideration. 

2 From the foregoing description, in the aspect of physical meaning, the 

3 current shift method simulates a actual inductor being coupled to the output of 

4 the UPS module in such a manner that a proper angle p is applied to complement 

5 the phase of the internal impedance of the UPS module. Thereby, an expensive 

6 and bulky actual inductor is no longer required; moreover the droop method is 

7 still satisfactory. That is, the present invention not only performs the objective of 

8 the connectionless parallel operation, but also eliminates the drawbacks, such as 

9 large size and heavy weight, otherwise caused by the actual inductor. 

10 The foregoing description of the preferred embodiments of the present 

1 1 invention is intended to be illustrative only and, under no circumstances, should 

12 the scope of the present invention oe so restricted. 
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